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Abstract 

Two-phase  phenomena,  i.e.  bubble  flow  in  the  anode  and  water  flooding  in  the  cathode,  are  critical  to  design  of  high-performance 
direct  methanol  fuel  cells  (DMFC).  A  5  cm2  transparent  DMFC  has  been  developed  to  visualize  these  phenomena  in  situ.  Two  types  of 
membrane-electrode  assembly  (MEA)  based  on  Nation®  112  were  used  to  investigate  effects  of  backing  pore  structure  and  wettability  on 
cell  polarization  characteristics  and  two-phase  flow  dynamics.  One  employed  carbon  paper  backing  material  and  the  other  carbon  cloth. 
Experiments  were  performed  under  conditions  of  various  methanol  feed  concentrations.  The  transparent  fuel  cell  was  shown  to  reach 
a  peak  power  of  93  mW/cm2  at  0.3  V,  using  Toray  carbon-paper  based  MEA  under  2M  methanol  solution  preheated  at  85  °C.  For  the 
hydrophobic  carbon  paper  backing,  it  was  observed  that  CO2  bubbles  nucleate  at  certain  locations  and  form  large  and  discrete  bubble  slugs 
in  the  channel.  For  the  hydrophilic  carbon  cloth  backing,  it  was  shown  that  bubbles  are  produced  more  uniformly  and  of  smaller  size.  It  is 
thus  shown  that  the  anode  backing  layer  of  uniform  pore  size  and  more  hydrophilicity  is  preferred  for  gas  management  in  the  anode.  Flow 
visualization  of  water  flooding  on  the  cathode  side  of  DMFC  has  also  been  carried  out.  It  is  shown  that  liquid  droplets  appear  more  easily 
on  the  surface  of  carbon  paper  due  to  its  reduced  hydrophobicity  at  elevated  temperature.  For  the  single-side  ELAT  carbon  cloth,  liquid 
droplets  tend  to  form  in  the  comer  between  the  current  collecting  rib  and  GDL  since  ELAT  is  highly  hydrophobic  and  the  rib  (stainless 
steel)  surface  is  hydrophilic. 
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1.  Introduction 

The  direct  methanol  fuel  cell  (DMFC)  has  attracted  much 
attention  due  to  its  potential  applications  as  a  power  source 
for  transportation  and  portable  electronic  devices  [1-8]. 
Lamy  et  al.  [9]  and  Arico  et  al.  [10]  have  provided  the 
most  recent  reviews  of  the  DMFC  system.  Among  critical 
problems  remaining  to  be  solved  in  the  improvement  of 
the  DMFC  performance  are  slow  anode  kinetics,  methanol 
crossover  through  the  polymer  electrolyte,  gas  manage¬ 
ment  on  the  anode,  and  water  management  on  the  cathode. 
The  deleterious  methanol  crossover  from  anode  to  cathode 
significantly  reduces  open  circuit  voltage  as  well  as  fuel 
efficiency.  Narayanan  et  al.  [1]  reported  the  influence  of 
the  Nahon®  membrane  thickness  on  methanol  crossover 
rate.  Valdez  and  Narayanan  [11]  found  methanol  crossover 
affected  by  temperature  and  indicated  the  crossover  effect 
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increased  with  cell  temperature.  Heinzel  and  Barragan  [12] 
gave  an  extensive  review  of  methanol  crossover  in  direct 
methanol  fuel  cells,  enumerating  various  parameters  influ¬ 
encing  methanol  crossover,  such  as  methanol  concentration, 
pressure,  temperature,  membrane  thickness,  and  catalyst 
morphology.  Ren  et  al.  [13]  used  lower  methanol  concen¬ 
trations  and  optimized  cell  design  to  decrease  methanol 
crossover  in  their  fuel  cell  systems.  Gurau  and  Smotkin  [6] 
extensively  characterized  methanol  crossover  by  gas  chro¬ 
matography.  However,  few  papers  considered  the  possibility 
of  reducing  methanol  crossover  by  mass  transport  control  in 
the  backing  layer  and  hence  control  of  methanol  feed  rate. 

Gas  management  on  the  anode  side  is  an  important  issue 
in  DMFC  design.  On  the  anode  side,  carbon  dioxide  is 
produced  as  a  result  of  methanol  electrochemical  oxidation. 
If  CO2  bubbles  cannot  be  removed  efficiently,  the  anode 
channels  will  be  blocked,  leading  to  limited  mass  transport. 
Argyropoulos  et  al.  [14,15]  was  perhaps  among  the  first  to 
observe  the  two-phase  flow  pattern  in  the  anode  channel 
under  various  operating  conditions.  This  flow  visualization 
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on  the  anode  side  yields  valuable  understanding  of  bubble 
dynamics  in  DMFC.  This  study  was,  however,  undertaken 
under  low  cell  performance;  as  such,  the  ensuing  bubble 
dynamics  may  not  be  fully  representative  of  those  in  a 
state-of-the-art  DMFC.  In  addition,  visualization  resolution 
in  Argyropoulos  et  al.  [14,15]  was  somewhat  inadequate, 
and  no  effect  upon  backing  layer  surface  wettability  was 
explored. 

The  importance  of  flooding  on  the  cathode  side  in  H2/air 
polymer  electrolyte  fuel  cells  has  been  repeatedly  empha¬ 
sized  in  the  literature  [16,17].  Tuber  et  al.  [18]  most  re¬ 
cently  conducted  a  photographic  study  of  two-phase  flow 
and  transport  in  a  transparent  H2/air  fuel  cell,  and  presented 
images  of  liquid  water  distribution  in  the  cathode  gas  chan¬ 
nels  to  help  understand  electrode  flooding.  Similarly,  water 
management  on  the  cathode  in  the  DMFC  was  identified  as 
a  key  issue  [8].  In  the  DMFC  cathode,  proper  level  of  wa¬ 
ter  concentration  helps  to  humidify  the  polymer  membrane. 
However,  flooding  occurs  in  the  cathode  if  there  is  too  much 
water,  degrading  the  cathode  performance  significantly.  In 
order  to  accurately  predict  critical  operation  conditions  to 
avoid  flooding,  visualization  on  the  cathode  side  is  essential 
to  yield  fundamental  physics  behind  the  flooding  occurrence. 

The  present  work  is  concerned  with  simultaneous 
two-phase  flow  visualization  and  electrochemical  charac¬ 
terization  of  the  DMFC.  A  carefully  designed  transparent 
DMFC  is  developed  to  allow  for  visualization  of  both  anode 
and  cathode,  in  addition  to  cell  performance  characteriza¬ 
tion.  Membrane-electrode  assemblies  (MEAs)  with  backing 
layers  of  differing  wettability  are  used  to  explore  the  fun¬ 
damental  role  of  such  wetting  characteristics  in  DMFC. 
Polarization  curves  are  measured  at  different  methanol  con¬ 
centrations,  with  focus  on  revealing  the  relationship  among 
the  anode  limiting  current,  methanol  crossover  rate,  and 
anode  backing  structure.  Flow  visualization  on  the  anode 


side  is  carried  out  to  provide  a  fundamental  understanding 
of  bubble  dynamics  in  DMFC  and  its  controlling  factors. 
Finally,  cathode  flooding  is  visualized,  revealing  a  strong 
dependence  on  wettability  of  the  cathode  backing  layer. 

2.  Experimental 

2.7.  Experimental  rig  and  transparent  cell  design 

Fig.  1  displays  a  diagram  of  the  experimental  setup,  which 
consists  of  an  electronic  load  system  (BT4,  Arbin)  to  char¬ 
acterize  polarization  behaviors  of  the  fuel  cell,  a  peristaltic 
pump  to  deliver  the  liquid  fuel,  an  electric  heater  with  tem¬ 
perature  controller,  pressure  relief  valves,  flow  meters  and 
pressure  gauges.  Pressure  relief  valves  were  applied  to  con¬ 
trol  the  back  pressures  at  the  exits  of  the  anode  and  cathode. 
The  electrical  heater  is  a  heat  exchanger  designed  to  preheat 
the  methanol-water  solution  and  air  prior  to  flow  through 
the  fuel  cell,  with  the  temperature  controlled  at  a  prescribed 
value.  No  additional  heater  was  used  for  the  cell.  A  Sony 
digital  video  camera  recorder  was  used  in  experiments  for 
flow  visualization,  and  still  pictures  can  be  captured  accord¬ 
ing  to  the  time  sequence  when  the  movie  is  edited  offline. 
Also,  a  Nikon  N70  camera  with  a  microNikkor  lens  (60  mm 
f/2.8D)  was  utilized  to  get  clear  pictures  of  small-size  ob¬ 
jects. 

Fig.  2  shows  a  picture  of  the  transparent  fuel  cell.  The 
cell  is  constructed  of  a  pair  of  a  stainless  steel  plate  mated 
with  a  polycarbonate  plate.  A  total  of  eight  (8)  parallel  flow 
channels  (1.92  mm  width,  1.5  mm  depth,  1mm  rib  width) 
were  machined  through  the  stainless  steel  plate  to  form  an 
effective  area  of  approximately  5  cm2.  The  surface  of  the 
stainless  steel  plate  contacting  the  ME  A  was  coated  with 
30  nm  Cr  and  300  nm  Au  to  minimize  contact  resistance.  A 
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Fig.  1.  Schematic  of  the  experimental  rig. 
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Fig.  2.  Photo  of  the  transparent  fuel  cell. 


Fig.  3.  Polarization  and  power  density  curves  of  the  transparent  cell  using 
ECEC  MEA  (C  paper)  for  1  M  MeOH  feed  (20.8ml/min  and  Opsig)  and 
non-humidified  air  (700ml/min  and  15psig)  at  85  °C. 


3.  Results  and  discussion 


transparent  polycarbonate  plate  covered  the  stainless  steel 
plate,  forming  a  window  to  allow  direct  observation  of  flow 
behaviors.  The  polycarbonate  plate  was  concave  in  design, 
while  the  stainless  steel  plate  had  a  matching  convex  pattern. 
This  unique  design  avoided  flow  leakage  between  neighbor¬ 
ing  parallel  channels.  Cell  inlet  and  outlet  manifolds  were 
also  machined  in  the  polycarbonate  plates. 

2.2.  MEA  Fabrication 

In  these  experiments,  two  types  of  ME  As  were  used. 
One  was  fabricated  in-house  (dubbed  ECEC  MEA).  Specif¬ 
ically,  20wt.%  FEP  wet-proofed  carbon  paper  (Toray  090, 
E-Tek)  of  0.26  mm  thickness  was  used  as  backing  layer 
for  both  anode  and  cathode.  A  mixture  solution  contain¬ 
ing  Vulcan  XC72R  carbon  black  and  40wt.%  of  Teflon 
(TFE  30,  Dupont)  was  coated  on  the  carbon  paper  to  form 
a  microporous  layer  with  carbon  loading  of  2  mg/cm2  and 
Teflon  loading  of  2 mg/cm2.  For  the  catalyst  layer  on  the 
anode  side,  loadings  of  unsupported  Pt/Ru  black  (HiSPEC 
6000,  Pt:Ru  =1:1  atomic  ratio,  Alfa  Aesar)  and  Nation® 
(EW1100,  Aldrich)  were  4  and  1  mg/cm2,  respectively.  For 
the  cathode  catalyst  layer,  loadings  of  carbon-supported  Pt 
(40  wt.%  Pt  on  Vulcan  XC72R,  E-Tek)  and  Nation®  were  1 .3 
and  1  mg/cm2,  respectively.  The  catalyzed  electrodes  were 
hot-pressed  to  pretreated  Nation®  112  (EW  1100,  Dupont) 
to  make  a  MEA.  More  details  on  this  MEA  fabrication  pro¬ 
cedure  have  been  given  in  Lim  and  Wang  [19]  and  thus  are 
not  repeated  here. 

The  other  type  of  MEA  used  in  this  work  was  a  com¬ 
mercially  available  MEA  (C-MEA).  This  C-MEA  has  Pt/Ru 
loading  of  4  mg/cm2  on  the  anode  side  and  untreated  (thus 
hydrophilic)  carbon  cloth  is  used  as  the  backing  layer,  while 
Pt  loading  of  4  mg/cm2  on  a  single-sided  ELAT  carbon 
cloth  is  used  for  the  cathode.  In  order  to  compare  perfor¬ 
mance  with  the  ECEC  MEA,  the  C-MEA  membrane  was 
also  Nation®  112. 


3.1.  Performance  data 

Polarization  curves  of  the  transparent  fuel  cell  were  mea¬ 
sured  extensively  under  different  operation  conditions.  Fig.  3 
shows  the  cell  performance  using  the  ECEC  MEA.  The  op¬ 
eration  conditions  are  1  M  methanol-water  solution  for  the 
anode  and  non-humidified  air  at  15  psig  for  the  cathode.  Both 
fuel  and  air  were  preheated  to  85  °C.  The  volume  flow  rates 
and  backing  pressures  for  the  methanol  and  air  are  indicated 
in  the  figure.  The  maximum  current  density  at  the  voltage 
of  0.2  V  is  215mA/cm2,  while  the  maximum  power  den¬ 
sity  is  69  mW/cm2  at  a  voltage  of  0.37  V.  It  should  be  noted 
that  the  cell  itself  could  not  be  heated  due  to  transparency 
required  for  visualization;  therefore,  actual  cell  temperature 
was  about  10  °C  lower  than  the  feed  stream  temperature  (i.e. 
85  °C)  due  to  heat  loss  from  the  cell  to  the  surrounding  en¬ 
vironment. 

Fig.  4  shows  the  performance  of  the  transparent  cell 
with  ECEC  MEA  when  2  M  methanol  solution  and 
non-humidified  air  were  used  under  the  same  preheated 
temperature  of  85  °C.  When  compared  to  the  performance 
using  1  M  methanol  solution  shown  in  Fig.  3,  the  open 


Fig.  4.  Polarization  and  power  density  curves  of  the  transparent  cell  using 
ECEC  MEA  (C  paper)  for  2M  MeOH  feed  (20.8ml/min  and  Opsig)  and 
non-humidified  air  (700ml/min  and  15  psig)  at  85  °C. 
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Fig.  5.  Polarization  and  power  density  curves  of  the  transparent  cell 
using  C-MEA  (C  cloth)  for  1  M  MeOH  feed  (20.8ml/min  and  Opsig)  and 
non-humidified  air  (700ml/min  and  15psig)  at  85  °C. 


circuit  voltage  with  2M  solution  shown  in  Fig.  4  drops 
somewhat  due  to  the  stronger  methanol  crossover  effect, 
although  overall  performance  with  2M  solution  increases 
substantially.  As  indicated  in  Fig.  4,  the  transparent  fuel  cell 
reaches  a  power  output  of  93mW/cm2  at  0.302  V.  The  cell 
with  2  M  solution  shows  better  performance  than  that  with 
1  M  solution  primarily  due  to  mass  transport  limitation  on 
the  polarization  curve. 

Fig.  5  shows  the  performance  of  the  transparent  cell  using 
the  C-MEA  with  1  M  methanol  solution  and  non-humidified 
air  preheated  to  85  °C.  It  can  be  seen  from  Fig.  5  that  the 
maximum  power  density  is  below  48.5mW/cm2,  slightly 
worse  than  the  performance  with  the  ECEC  ME  A  (Fig.  3). 
It  was  found  from  more  experiments  (not  shown  here)  that 
C-MEA  performance  declined  even  further  with  higher 
MeOH  concentrations.  Different  anode  backing  structures 
cause  ECEC  MEA  and  C-MEA  to  respond  differently  to 
higher  MeOH  concentration  (i.e.  2M).  C-MEA  used  a  thin¬ 
ner  and  more  porous  backing  layer  of  hydrophilic  carbon 
cloth.  However,  ECEC  MEA  employed  a  thicker  carbon 
paper  coated  with  another  compact  microporous  layer  as 
the  backing.  Methanol  crossover  is  therefore  suppressed  by 
lowering  the  methanol  feed  rate  through  the  latter  modified 
anode  structure  [19,20].  Such  a  strategy  is  an  alternative 
to  the  development  of  novel  or  modified  membranes  to 
increase  cell  tolerance  to  high  MeOH  concentrations.  Fur¬ 
thermore,  blocking  methanol  transport  through  a  resistive 
backing  layer  rather  than  a  thicker  membrane  allows  use 
of  thin  polymer  membranes,  thereby  reducing  ohmic  loss 
in  the  cell.  More  results  using  concentrations  much  higher 
than  2M  have  been  shown  by  Lu  et  al.  [20]. 

3.2.  Visualization  of  CO2  bubble  dynamics  on  anode 

The  electrochemical  reaction  occuring  on  the  DMFC  an¬ 
ode  is  given  by: 

CH3OH  +  H20  -»  C02  +  6H+  +  6e“ 

As  can  be  seen,  carbon  dioxide  gas  is  produced  and  must  be 
removed  from  the  backing  layer  by  the  anode  flow.  If  CO2 


Fig.  6.  Bubble  behavior  on  the  anode  side  using  ECEC  MEA  (Hydropho¬ 
bic  carbon  paper)  for  2M  MeOH  feed  (20.8ml/min  and  Opsig)  and 
non-humidified  air  (700ml/min  and  15psig)  at  40mA/cm2  and  85  °C. 


bubbles  cannot  be  removed  efficiently  from  the  surface  of 
the  backing  layer,  they  remain,  covering  the  backing  surface 
and  hence  decreasing  the  effective  mass  transfer  area.  In 
addition,  flow  blockage  results,  particularly  in  channels  of 
small  dimensions  as  required  in  microfuel  cells  or  more 
compact  portable  fuel  cells  with  the  maximum  volumetric 
power  and  energy  densities. 

Fig.  6  displays  a  raw  image  of  bubbles  using  the  ECEC 
MEA  (with  hydrophobic  carbon  paper  as  the  backing  layer) 
when  the  methanol  solution  and  non-humidified  air  were 
preheated  to  50  °C  and  the  current  density  was  fixed  to 
40  mA/cm2.  The  image  was  captured  from  a  movie  recorded 
by  a  SONY  digital  video  camera.  As  shown  in  Fig.  6,  the 
CO2  bubbles  are  large  in  size  (~2mm)  and  confined  by 
channel  dimensions,  elongated  in  shape,  and  distributed  dis¬ 
cretely  on  the  backing  layer  along  the  anode  channel.  This 
bubble  flow  is  commonly  categorized  as  Taylor  bubbles. 

Fig.  7  shows  a  sequence  of  images  at  various  times  for 
ECEC  MEA  at  the  feed  temperature  of  85  °C  and  the  current 
density  of  100 mA/cm2.  The  images,  one  second  apart,  were 
captured  from  the  movie,  with  time  resolution  1/30  s.  In 
addition,  the  time  of  the  first  image  was  chosen  arbitrarily 
due  to  the  fact  that  two-phase  flow  is  a  regularly  periodic 
event.  As  shown  in  Fig.  7,  the  CO2  bubbles  nucleate  at 
certain  locations  and  form  large  and  discrete  gas  slugs  in  the 
channel.  The  bubble  motion  is  governed  by  the  momentum 
of  liquid  flow,  the  force  of  buoyancy  on  the  bubble,  and  the 
surface  adhesion  between  bubbles  and  substrate.  It  can  be 
seen  from  Fig.  7  that  bubbles  are  held  on  the  carbon  paper 
by  strong  surface  tension  until  they  grow  into  larger  slugs 
for  detachment,  clearly  indicative  of  the  dominant  effect  of 
surface  tension  in  bubble  dynamics  in  DMFC.  Once  the 
bubbles  grow  to  a  sufficient  size,  they  detach  and  sweep 
along  the  backing  surface  in  the  channel.  This  sweeping 
process  clears  all  small  bubbles  pre-existing  on  the  backing 
surface,  making  new  bubbles  grow  from  the  smallest  size 
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Fig.  7.  Images  of  bubble  dynamics  in  the  DMFC  anode  using  ECEC  MEA  (carbon  paper)  for  2M  MeOH  feed  (20.8ml/min  and  Opsig)  and  non-humidified 
air  (700ml/min  and  15psig)  at  lOOmA/cm2  and  85  °C. 


to  the  full  detachment  diameter.  As  a  result,  the  two-phase 
flow  becomes  regularly  intermittent. 

Fig.  8  shows  the  bubble  patterns  on  C-MEA  with  hy¬ 
drophilic  carbon  cloth  also  at  the  feed  temperature  of  85  °C. 
Since  the  carbon  cloth  has  a  much  rougher  surface,  it  is  chal¬ 
lenging  to  capture  sharp  still  pictures  due  to  light  deflection, 
although  the  two-phase  flow  could  be  observed  clearly  in  the 
experiments  and  movies.  Alternatively,  a  Nikon  N70  cam¬ 
era  with  a  microNikkor  lens  was  employed  for  still  photos 
shown  in  Fig.  8.  It  is  seen  that  the  CO2  bubbles  are  produced 
more  uniformly  and  with  smaller  size  (~0.5  mm)  from  the 
hydrophilic  carbon  cloth. 

The  differences  in  bubble  behaviors  between  hydropho¬ 
bic  carbon  paper  and  hydrophilic  carbon  cloth  can  be 
explained  by  considering  the  fundamental  process  of  bub¬ 
ble  growth  and  detachment  from  pores  of  certain  size  and 


Fig.  8.  Bubble  behavior  on  the  anode  side  using  C-MEA  (hydrophilic 
carbon  cloth)  for  1M  MeOH  feed  (20.8ml/min  and  Opsig)  and 
non-humidified  air  (700ml/min  and  15psig)  at  100mA/cm2  and  85  °C. 
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(a) 


(b) 


Fig.  9.  SEM  micrographs  of:  (a)  carbon  paper,  and  (b)  carbon  cloth. 


surface  wettability.  Therefore,  it  is  insightful  to  compare  the 
differences  in  the  pore  structure  of  carbon  paper  and  carbon 
cloth.  Fig.  9  shows  SEM  micrographs  of  these  two  sub¬ 
strates.  Clearly,  carbon  cloth  has  more  regularly  distributed 
pores,  whereas  carbon  paper  is  more  of  a  random  porous 
medium.  This  difference  in  the  pore  size  distribution  gives 
rise  to  the  fact  that  CO2  bubbles  emerge  more  uniformly 
from  the  carbon  cloth  than  carbon  paper. 

The  bubble  detachment  diameter  is  strongly  correlated 
with  surface  wettability.  Consider  a  bubble  growing  and 
detaching  from  a  single  pore  of  known  diameter,  Jp,  and 
surface  contact  angle  of  0.  Assuming,  as  was  indicated  in 
experimental  observations,  that  the  bubble  detachment  pro¬ 
cess  is  dominated  by  buoyancy  and  surface  tension  effects, 
the  force  balance  predicts  that  the  diameter  of  the  bubble  at 
detachment,  db,  is  [21]: 


db  = 


4dpa  sin  0 
g(p\  ~  Pg) 


1/3 


(1) 


where  g  is  gravity,  p\  and  pg  are  the  densities  of  the  liquid 
and  the  gas  respectively,  o  the  liquid/gas  interfacial  tension, 
and  dp  the  backing  pore  size.  With  the  typical  pore  size  of 
10  p,m  for  both  carbon  paper  and  carbon  cloth  [22],  Eq.  (1) 
calculates  the  bubble  detachment  diameter  of  0.68  mm  for 
the  hydrophobic  carbon  paper  (e.g.  0  =  100°)  and  0.38  mm 
for  the  hydrophilic  carbon  cloth  (e.g.  6  =  10°).  These  the¬ 
oretical  estimates  are  consistent  with  experimental  observa¬ 
tions. 


3.3.  Cathode  flooding  visualization 

Water  management  to  avoid  cathode  flooding  is  also  an 
important  issue  in  DMFC.  The  electrochemical  reaction  oc¬ 
curring  on  the  cathode  side  of  DMFC  is  given  by: 

1 02  +  6H+  +  6e-  -*  3H20 

Water  is  produced  by  the  oxygen  reduction  reaction  as 
well  as  transported  from  the  aqueous  anode  due  to  diffu¬ 
sion  and  electro-osmotic  drag.  Typically,  the  DMFC  cath¬ 
ode  experiences  severe  flooding  which  could  degrade  its 


performance  significantly.  Parameters  governing  water  man¬ 
agement  include  the  humidity  of  the  inlet  air,  stoichiometry 
(or  volumetric  flow  rate),  current  density,  temperature,  and 
membrane  water  transport  properties  such  as  the  diffusion 
coefficient  and  electro-osmotic  drag  coefficient. 

Fig.  10  displays  an  image  of  water  flooding  on  carbon  pa¬ 
per  with  non-humidified  air  preheated  to  85  °C  and  fed  at  a 
volumetric  flow  rate  of  68  ml/min.  The  cell  current  density 
was  100mA/cm2.  It  is  shown  in  Fig.  10  that  water  droplets 
are  attached  on  the  surface  of  the  carbon  paper  due  to  its 
decreased  hydrophobicity  at  elevated  temperatures.  It  was 
observed  that  while  the  droplets  grows  slowly,  the  cell  volt¬ 
age  drops  gradually  when  the  current  density  is  fixed.  It  was 
also  observed  that  the  droplets  will  not  disappear  until  either 
the  current  density  is  adjusted  to  a  lower  value  or  a  higher 
volume  flow  rate  is  used. 

Fig.  11  shows  an  image  of  flooding  on  the  single-side 
ELAT  carbon  cloth  (C-MEA)  with  non-humidified  air  pre¬ 
heated  to  85  °C.  It  is  seen  from  Fig.  11  that  the  surface 
of  carbon  cloth  is  nearly  free  of  liquid  droplets  due  to  its 
higher  hydrophobicity,  but  liquid  droplets  or  ‘sweating’  can 
be  found  in  contact  comers  between  the  stainless  steel  rib 
and  carbon  cloth.  This  is  because  the  rib  surface  is  rather  hy¬ 
drophilic.  Interestingly,  it  appears  that  sweating  inside  cor¬ 
ners  between  the  ribs  and  carbon  cloth  gas  diffusion  layer 


Fig.  10.  Cathode  flooding  on  Toray  carbon  paper  for  2M  MeOH  feed 
(20.8  ml/min  and  Opsig)  and  non-humidified  air  (68  ml/min  and  lpsig) 
at  100m A/cm2  and  85  °C. 
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Fig.  11.  Cathode  flooding  on  single-sided  ELAT  carbon  cloth  for  2M 
MeOH  feed  (20.8ml/min  and  Opsig)  and  non-humidified  air  (161  ml/min 
and  lpsig)  at  60mA/cm2  and  85  °C. 


occurs  at  a  rather  low  current  density  of  60  mA/cm2  and  a 
high  air  flow  rate  of  161  ml/min.  In  comparison,  no  such 
sweating  is  seen  between  the  stainless  steel  ribs  and  carbon 
paper  GDL  at  a  higher  current  density  of  100  mA/cm2  and 
a  lower  airflow  rate  of  68  ml/min  (see  Fig.  10). 

4.  Conclusions 

A  transparent  direct  methanol  fuel  cell  was  designed  to 
enable  simultaneous  flow  visualization  and  electrochem¬ 
ical  characterization.  Two  types  of  MEAs  using  Nation® 
112,  one  made  in-house  with  Toray  carbon  paper  and 
the  other  commercially  obtained  with  carbon  cloth,  have 
been  investigated  for  their  polarization  characteristics  at 
different  methanol  concentrations.  The  transparent  fuel 
cell  is  shown  to  reach  a  power  output  of  93mW/cm2  at 
0.302  V  using  in-house  MEA  with  2M  methanol  solution 
and  preheated  temperature  of  85  °C.  It  is  pointed  out  that 
increasing  the  mass  transport  resistance  of  the  backing 
layer  by  adding  a  low-permeability  microporous  layer  pro¬ 
vides  an  effective  means  of  reducing  methanol  crossover. 
The  advantage  of  this  new  strategy  is  to  allow  the  use  of: 
(1)  thinner  membranes,  thereby  lowering  the  cell  ohmic 
loss,  and  (2)  higher  methanol  concentration  fuel,  thus  sub¬ 
stantially  reducing  the  size  of  the  fuel  tank  for  portable 
systems. 

Visualization  of  bubble  dynamics  on  the  anode  side  re¬ 
vealed  drastic  differences  between  the  two  types  of  backing 
layers.  For  the  hydrophobic  carbon  paper,  it  is  found  that 
bubbles  nucleate  at  certain  locations  and  form  large  and  dis¬ 
crete  gas  slugs  in  the  channel.  Bubble  detachment  from  the 
backing  layer  is  significantly  retarded  by  strong  surface  ten¬ 
sion.  For  the  hydrophilic,  untreated  carbon  cloth,  it  is  shown 
that  bubbles  are  produced  uniformly  and  with  smaller  size. 
In  addition,  bubbles  are  detached  more  easily  by  buoyancy 
force  upon  reaching  ~0.5mm  in  diameter.  It  is  thus  con¬ 
cluded  that  a  backing  layer  having  uniform  pore  distribution 
and  strong  hydrophilicity  will  facilitate  gas  management  in 
the  anode. 


Flow  visualization  of  cathode  flooding  indicates  that  more 
water  droplets  appear  upon  the  carbon  paper  GDL  surface 
than  upon  the  single-side  ELAT  GDL,  due  mainly  to  higher 
hydrophobicity  of  the  latter  material  at  elevated  tempera¬ 
tures.  However,  the  carbon  cloth  GDL  yields  more  sweating 
in  the  corners  between  the  GDL  and  hydrophilic  stainless 
steel  ribs. 

Overall,  the  experiments  helped  to  acquire  a  quantita¬ 
tive  understanding  of  the  intricate  interactions  between 
two-phase  transport  processes  and  material  properties  in 
DMFC.  Such  a  basic  understanding  is  indispensable  for 
DMFC  design  and  optimization. 
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